Background: Previous studies have shown adverse effects of CpG island methylator phenotype (CIMP) on colorectal cancer (CRC) prognosis. However, sample sizes were often limited and only few studies were able to adjust for relevant molecular features associated with CIMP. The aim of this study was to investigate the impact of CIMP on CRC survival in a large population-based study with comprehensive adjustment.
and defined as CpG island methylator phenotype (CIMP) (Kim and Deng, 2007) .
Since then, CIMP was found to be associated with not only altered molecular characteristics (such as microsatellite instability (MSI) and BRAF mutation) and distinct clinical features such as older age, female gender, proximal location and poor differentiations of CRC (Weisenberger et al, 2006; Dahlin et al, 2010) , but also with the prognosis of CRC. Findings for the latter are conflicting. Even though a meta-analysis was conducted on the prognostic value of CIMP among CRC patients concluding that CIMP positivity (CIMP þ ) or CIMP-high (CIMP-H) was an indicator for poor prognosis (Juo et al, 2014) , the sample sizes of the included studies were limited (o500 for the majority of studies) and several important factors, such as MSI and BRAF mutation that are closely associated with both CIMP and CRC survival, were only adjusted for in a few included studies. So far, studies on the association between subtypes defined by CIMP and CRC prognosis considering other molecular tumour features were limited and the results were also conflicting (Kim et al, 2009; Ogino et al, 2009; Sanchez et al, 2009) . Therefore, the aim of this study was to investigate the impact of CIMP on CRC survival in a large population-based study with comprehensive adjustment for clinical and pathological factors.
MATERIALS AND METHODS
Study population and follow-up. The patient cohort was derived from a large ongoing population-based case-control study on CRC conducted in southwestern Germany, with long-term follow-up of cases (DACHS: Darmkrebs: Chancen der Verhütung durch Screening). More details on the study design and participation rates have been described before Hoffmeister et al, 2015) . In brief, patients were recruited in 22 hospitals of the Rhine-Neckar-Odenwald region and were eligible to participate if they had histologically confirmed CRC (ICD-10 codes C18-C20), were at least 30 years old and were physically and mentally able to participate in a personal interview of B1 h in German. In this analysis, only patients recruited between 2003 and 2010 with complete information on important clinical and molecular factors (age, sex, tumour location, cancer stage, CIMP, MSI and BRAF mutation status) were included. The study was approved by the ethics committees of the Medical Faculty of the University of Heidelberg and of the Medical Chambers of Baden-Wuerttemberg and Rhineland-Palatinate.
Information from patients was collected by trained interviewers during face-to-face interviews using a standardised questionnaire including questions on sociodemographic information, lifestyle factors and medical history. In addition, discharge letters, pathology reports and endoscopy reports were collected at baseline. At B3 years after diagnosis, information on CRC therapy, recurrence and diagnosis of concomitant diseases was obtained from the physicians of the patients with a standardised questionnaire. At B5 years after diagnosis, this information was updated and a questionnaire was requested from the survivors. In addition, data on vital status and death dates were collected from the population registration offices and causes of death were verified by death certificates from the health authorities. More information on data collection and follow-up has been reported previously Hoffmeister et al, 2015) .
Tumour sample analyses. Routine formalin-fixed, paraffinembedded (FFPE) tumour samples from the patients enrolled were requested and used for tumour tissue analyses. The DNA was isolated from tumour samples under microscopic control of unstained slides and was prepared using the DNeasy tissue kit (Qiagen, Hilden, Germany) (Warth et al, 2011) . After bisulphite conversion using the EZ DNA methylation kit (Zymo Research, Orange, CA, USA), genomic DNA was analysed by methylationspecific PCR for the following CIMP loci: MLH1, MINT1, MINT2, MINT31 and MGMT. The PCR conditions and primers were used as previously described (Esteller et al, 1999; Chan et al, 2002; Park et al, 2003) . The CIMP status was defined according to the number of hypermethylated loci: hypermethylation at 3 or more loci was classified as CIMP-high, methylation at 1 or 2 loci was classified as CIMP-low (CIMP-L) and if none of the loci was methylated, CIMP status was negative (CIMP-N). A mononucleotide marker panel (BAT25, BAT26 and CAT25) was used to screen for MSI-high (MSI-H) (Findeisen et al, 2005) . In most tumour samples, KRAS mutation was determined by single-stranded conformational polymorphism technique (SSCP) using the same DNA sample, and expression of BRAF V600E was determined by immunohistochemical analyses in sections of tissue microarray blocks and evaluated by two pathologists independently (Blaker et al, 2004) . In the remaining tumour samples, KRAS mutation (N ¼ 178) and BRAF mutation (N ¼ 242) were determined by Sanger sequencing: exon 2 of KRAS and exon 15 of BRAF were amplified by PCR using FideliTaq polymerase (Affymetrix, Santa Clara, CA, USA) and the following primers: KRAS fw: 5 0 -GTGTGACATGTTCTAATATAGTCA-3 0 and KRAS rv: 5 0 -GA ATGGTCCTGCACCAGTAA-3 0 ; BRAF fw: 5 0 -TGCTTGCTCTGAT AGGAAAATG-3 0 and BRAF rv: 5 0 -AGCATCTCAGGGCCAAA AAT-3 0 . After purification, Sanger sequencing was performed using the BigDye Terminator v1.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA, USA) according to standard protocols. Samples were sequenced on an ABI 3500 Genetic Analyzer (Life Technologies).
Statistical Analyses. The distribution of patient characteristics was compared between patients with CIMP-H and patients with CIMP-L/N by w 2 test and t-test. Adjusted hazard ratios (HRs) and 95% confidence intervals (95% CIs) of overall survival (OS) and disease-specific survival (DSS) were analysed by Cox regression. Potential covariates including age at diagnosis, sex, education level, family history of CRC, physical activity, body mass index, alcohol consumption, smoking status, ever use of nonsteroidal antiinflammatory drugs (NSAIDs), ever use of statins, ever use of hormone replacement therapy, cancer stage, tumour location, tumour histologic grade, tumour resection, chemotherapy, MSI status and KRAS and BRAF mutation status were considered for inclusion in the final model. Covariates differentially distributed according to CIMP status with a P-value of o0.05 were chosen for the final model. According to this, clinical factors including age, sex, education level, alcohol consumption, tumour location, cancer stage, number of invaded lymph nodes, use of hormone replacement therapy, use of chemotherapy and molecular features including MSI status and BRAF mutation status were included in the final model. The proportional hazards assumption was tested via inclusion of time-dependent variables in the adjusted model that were kept in the final model if required for the proportional hazards assumption to hold. In addition, a correction for late entry that was defined as the potentially delayed time period between date of diagnosis and date of enrolment was also included in the final model. All analyses were performed with SAS, software version 9.4 (SAS Institute Inc., Cary, NC, USA). Tests of statistical significance were defined as two sided at an a-level of 0.05.
RESULTS

Study population.
Of the 3146 patients diagnosed with CRC between 2003 and 2010 in the DACHS study, methylation data of all five CIMP markers were available for 1751 patients. Among them, tumour tissue samples of 1385 patients had complete information on BRAF mutation and MSI-H at the time of this analysis. Patients finally included in this analysis were on average 69 years old and 43% were female. Almost all participants had surgery after diagnosis (99%) and 45% of the participants had chemotherapy before or after surgery. Median follow-up time was 4.9 years (interquartile range ¼ 3.6-5.1 years).
Of the 1385 patients, 189 (13.6%) showed simultaneous hypermethylation at three or more of the five CIMP loci (Table 1) . CIMP-H occurred more frequently in patients with older age, female gender, cancer in the proximal colon, BRAF mutation and MSI-H, consistent with the results reported previously (Issa, 2004; Samowitz et al, 2005a ). Besides, CIMP-H was found associated with lower education level, lower alcohol consumption and more frequent lymph node invasion in this study (Table 1) .
CIMP and CRC prognosis. After adjusting for major confounders, CIMP status was associated with neither OS (HR ¼ 1.00; 95% CI ¼ 0.72-1.40) nor DSS (HR ¼ 0.96; 95% CI ¼ 0.65-1.41) in CRC patients (Table 2 ). No differences were also observed for CIMP-H patients compared with CIMP-L or with CIMP-N patients, or for CIMP-L patients compared with CIMP-N patients (data not shown). In addition, analyses for hypermethylation in each of the CIMP loci did not show any association with CRC survival either, except for MINT 31 (Supplementary Table S1 ). No meaningful association between CIMP status and CRC prognosis was found in analyses further stratified by age, sex, tumour location and cancer stage ( Table 2) .
Combinations of other molecular features and CIMP status were assessed using the same multivariable Cox regression model (Table 3) . Regardless of CIMP status, MSI-H was associated with significantly longer DSS (HR ¼ 0.49; 95% CI ¼ 0.27-0.90). Additional consideration of CIMP status yielded very similar HRs. Contrarily, BRAF mutation was similarly associated with poorer DSS (HR ¼ 1.78; 95% CI ¼ 1.10-2.84) with and without consideration of CIMP status. The KRAS mutation and subtypes of CIMP combined with KRAS were not associated with CRC prognosis.
CIMP, chemotherapy and CRC prognosis. As chemotherapy is generally not administrated to patients with stage I CRC, analyses on the prognostic value of chemotherapy among CRC patients with different CIMP status were only conducted among stage II to IV CRC patients (Table 4) 
DISCUSSION
In this population-based study, CIMP status was associated with all expected patient and tumour characteristics among CRC patients such as older age, female gender, proximal colon location, MSI-H and BRAF mutated tumour. However we found no association of CIMP status with OS or DSS. Even when stratified by major clinical factors, no significantly meaningful association or suggestions of an effect was found between CIMP and CRC survival. However, combinations of CIMP with MSI-H or BRAF mutation were associated with CRC survival, but these associations were observed regardless of CIMP status. The MSI-H is often a sequence of defects in the DNA mismatch repair (MMR) system, consisting of the genes MLH1, MSH2, MSH6 and PMS2, resulting in the accumulation of nucleotide mutations and an alteration in microsatellite length (Strand et al, 1993) . Independent of CIMP, MSI-H was found significantly associated with improved CRC survival, and this finding was in agreement with the results of previous studies (Guastadisegni et al, 2010; Nash et al, 2010) . BRAF, a proto-oncogene involved in the RAS/RAF/MAPK pathway, is found mutated in nearly 10% of CRC patients in our study, as in most previous studies, it was found to be an independent indicator for poorer prognosis of CRC (Samowitz et al, 2005b; Ogino et al, 2009; Hughes et al, 2012; Phipps et al, 2012; Barras, 2015) . Previous studies demonstrated that BRAF mutation is strongly associated with MSI-H that may be mediated by the relationship between BRAF mutation and CIMP (Nosho et al, 2008; Tran et al, 2011) . Although KRAS mutation is an important factor for the onset and progression of CRC, the effect of KRAS mutation on CRC survival was inconsistent in previous studies (Phipps et al, 2013; Kim et al, 2016) . In our study KRAS mutation was neither associated with CIMP status nor with CRC survival.
In accordance with previous studies, age, sex, location and number of invaded lymph node were strongly associated with CIMP status (Issa, 2004; Samowitz et al, 2005a) . However, some of the clinical characteristics such as the number of invaded lymph nodes were no longer associated with CIMP status when cases of MSI-H were excluded, and this may indicate that the association between these characteristics and CIMP status arise as a consequence of CIMP-related hypermethylation of MLH1. We observed lower mean intake of alcohol among CIMP-H patients compared with CIMP-L/N patients. To our knowledge, this is the first study reporting an association between alcohol and CIMP status. We have no explanation for such an association that could just be a chance finding.
The CIMP status did not show any relationship with CRC prognosis. This finding is not in line with the conclusion of a previous systematic review and meta-analysis (Juo et al, 2014) . However, only three studies included in the meta-analysis took both BRAF mutation and MSI into account as confounders in their multivariable analyses (Ogino et al, 2009; Samowitz et al, 2009; Donada et al, 2013) . Only in the study by Ogino et al (2009) that used three levels of CIMP (CIMP-H, CIMP-L and CIMP-N), CIMP-H was found to be associated with better DSS compared with CIMP-N CRC. The two other studies did not observe significant associations between CIMP (CIMP-H compared with CIMP-L/N) and CRC survival. In addition, Donada et al (2013) only analysed stage II colon cancer patients (N ¼ 120), and Samowitz et al (2009) investigated the association between CIMP and rectal cancer only among 990 patients. With a much bigger sample of unselected CRC patients (N ¼ 1385) and consideration of many potential confounders, our study did not find an association with CRC survival either. Although CIMP was still not associated with CRC survival even without adjustment for BRAF mutation and MSI-H in our study (data not shown), BRAF mutation and MSI-H should be considered as confounders in future CRC survival analyses.
Regarding chemotherapy, no obvious difference was found for the survival benefit associated with chemotherapy in the different CIMP groups, although the protective effect of chemotherapy was significant in patients with CIMP-L/N CRC only. A very similar effect was estimated for patients with CIMP-H CRC, although results were not statistically significant given the much lower number of patients. Results of previous studies on the role of chemotherapy in CIMP status subgroups were inconsistent. Li et al (2014) did not find an association between chemotherapy and OS for both CIMP-H and CIMP-L/N patients. Jover et al (2011) found that among stage II and III CRC patients chemotherapy was associated with significantly better DSS among CIMP-L/N patients (HR ¼ 0.4; 95% CI ¼ 0.2-0.6) but not among CIMP-H CRC patients (HR ¼ 0.8; 95% CI ¼ 0.3-2.0). However, the sample size with only 89 CIMP-H patients was rather small for the latter analysis. In addition, none of the associated molecular tumour features were adjusted for in either one of these studies. We found no evidence that chemotherapy could be differentially associated with CRC prognosis according to CIMP status, but this finding should be confirmed in other large studies. The current cohort was derived from a large population-based study including 1385 unselected patients with information on molecular tumour characteristics that is, to our knowledge, the so far largest study on this topic. Furthermore, detailed information including sociodemographic data, lifestyle factors, clinical pathological and molecular factors were collected and relevant confounding factors were adjusted for in the multivariable analyses. Despite the large size of the total study population, the statistical power was still very limited in some of the subgroup analyses owing to the low prevalence of CIMP-H. Accordingly, even larger or pooled studies with detailed adjustment are needed.
In this study, the CIMP panel consisted of five markers and was different from the panels used in previous studies on CRC survival analyses. However, CIMP in general is only defined as a subgroup of CRC characterised by simultaneous hypermethylation of numerous CpG islands surrounding the promoter regions of several genes (Jover et al, 2011) , and no specific markers or panels have been confirmed yet to be superior to the others. In fact, in previous studies there have been 450 genes used as CIMP markers and 16 CIMP panels that have been used to investigate the association between CIMP and CRC, and all of the five markers used in our CIMP definition were among the most commonly used markers (Ashktorab et al, 2013; Jia et al, 2016) . In addition, with this CIMP definition, CIMP-H was found to be associated with all known patient and tumour characteristics of CIMP, such as older age, female gender, proximal colon location, BRAF mutation and MSI-H.
In conclusion, CIMP was not associated with CRC survival after adjusting for relevant clinical factors and prognostically relevant tumour characteristics that were associated with CIMP in this study. Associations found between chemotherapy and improved survival in CIMP-L/N CRC demand further research with larger sample sizes to also elucidate potential relationships in CIMP-H patients. Lack of adjustment may have contributed to findings of adverse effects of CIMP-H in CRC on CRC survival suggested by previous studies. Additional large cohort studies with comprehensive adjustment are required to investigate the prognostic value of CIMP using current or new definitions among CRC patients.
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